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REMARKS 

Claims 1-17 were pending. Claims 1, 6-7, and 9-12 are amended herewith. Support for 
these amendments is found throughout the specification at, e.g., page 8, lines 1-3. The amendments 
of claims 9-12 correct minor typographical errors. Therefore, it is believed that no new matter is 
added. Claims 1-17 are currently pending. No claim has been allowed. 

Formal Matters 

Applicants gratefully acknowledge the receipt and entry of the communications dated 
March 28, 2002 and June 28, 2002 and the awarding of the priority date of March 8, 2001 in view of 
Japanese Application Number 2001-065799. 

Rejection Under 35 U.S.C. § 112, Second Paragraph 

Claims 3, 4, 6, 7, 1 1, and 12 are rejected under 35 U.S.C. § 112, second paragraph as 
allegedly being indefinite. According to the Examiner, claim 3 is indefinite in the recitation of 
"Escherichia coli" in view of the comma after the recitation. The Examiner asserts that the 
recitation of "10,000 to 100,000" does not clearly indicate whether these are daltons or kilodaltons. 
The Examiner also asserts that claim 7 is indefinite in its recitation of the acronym "ATP". 
Applicants respectfully traverse these rejections. 

Applicants submit that the comma after the recitation "Escherichia coif 9 fails to render 
the claim indefinite. Escherichia coli or E. coli is not a thermophilic bacteria. The claim includes 
the use of cell extracts from one of three different sources: (1) E. coli, (2) thermophilic bacteria, 
and (3) yeast. The specification clearly discloses thermophilic bacteria as a separate source of cell 
extracts and provides an example of this class in its disclosure of Thermus thermophilus. See the 
specification at page 5, lines 7-18. Therefore, the claim language is not indefinite. 

Claim 6 is amended herewith to clarify that the recitation of 10,000 daltons to 100,000 
daltons. Thus, the rejection is moot. 

While the ordinary artisan would fully understand the meaning of ATP as used in claim 
7, the claim is amended herewith to replace "ATP" with "adenosine triphosphate" in an effort to 
expedite prosecution of the instant application, rendering the instant rejection moot. 
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In view of the above, Applicants respectfully submit that the basis for these rejections 
may be removed. 

Rejection Under 35 U.S.C. § 103 (a) 

Claims 1-17 are rejected under 35 U.S.C. § 103 (a) as allegedly being unpatentable over 
Spirin et al., Science 242:1 162-64 (1998) taken with Hendrickson, Science 254:51-58 (1991) and 
Japanese Patent Application No. A-2000- 17569. The Examiner argues that Spirin teaches a similar 
cell-free protein synthesis system using a creatine phosphokinase as an ATP regenerating system 
and the use of prokaryotic and eukaryotic cell extracts. The Examiner acknowledges that Spirin 
lacks any teaching regarding cell-free protein synthesis that incorporate heavy atom-labeled amino 
acids or use dialysis methods. According to the Examiner, new developments in biotechnology 
based on preparative cell-free translation systems continuous action are anticipated. The Examiner 
points to Hendrickson' s disclosure of the application of MAD for the structure determination of 
protein structure using heavy atoms in proteins, asserting that one of ordinary skill in the art would 
be motivated to combine Hendrickson with Spirin. The Examiner also argues that the cited 
Japanese application teaches a synthesis system using a dialysis system. Applicants traverse this 
rejection. 

The cited combination of references lacks the necessary motivation to modify the 
continuous flow system of Spirin to produce a protein suitable for x-ray crystallography using heavy 
atom amino acids in a dialysis system. Spirin expressly discloses the advantage of the described 
cell free protein synthesis system is the continuous flow action in the system. See, e.g., Spirin at 
page 1 163 and Figure 2 (comparing the continuous flow system to a non-flowing system). Any 
advances anticipated by Spirin relate to the use of the continuous flow cell- free protein synthesis 
system, not just to any cell-free system. See id. Thus, to combine the disclosure of Spirin with that 
of the Japanese application to modify the continuous flow system of Spirin to that of a non-flow 
system would completely change the principle of operation of Spirin's system. See MPEP § 
2143.02 ("If the proposed modification or combination of the prior art would change the principle 
of operation of the prior art invention being modified, then the teachings of the references are not 
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sufficient to render the claims prima facie obvious." (citations omitted)). Therefore, Spirin cannot 
be properly combined with the Japanese application. 

In the absence of the Japanese application, the combination of Spirin and Hendrickson 
fail to teach each and every element of the claimed methods. Spirin lacks any disclosure regarding 
the use of dialysis in a cell-free protein synthesis. In fact, Spirin expressly teaches away from using 
a cell-free protein synthesis system that does not use continuous flow action. Hendrickson fails to 
remedy this deficiency. Hendrickson reviews the use of wavelength anomalous diffraction (MAD) 
in various structure determinations including that of proteins containing heavy atoms. However, 
Hendrickson contains no suggestion or teaching as to how make such proteins, and cell-free protein 
synthesis systems are not addressed. Thus, the combination of Spirin and Hendrickson fail to render 
the claimed methods prima facie obvious. 

The combination of the Japanese application and Hendrickson also fails to render the 
claimed methods prima facie obvious because neither reference teaches or suggests that a cell-free 
system can be used to generate heavy atom-containing proteins. While the Japanese application 
appears to disclose a cell-free system using dialysis, there is no disclosure whatsoever regarding the 
use of such a system to generate proteins suitable for x-ray crystallography. The abstract of the 
cited Japanese application also lacks any disclosure regarding, e.g., the source of the cell extract and 
the use of an ATP regenerating system, and the usefulness of these features in generating proteins 
with heavy atom amino acids. Hendrickson fails to remedy these deficiencies. Therefore, the 
combination of the Japanese application and Hendrickson do not render the claimed methods prima 
facie obvious. 

Furthermore, Applicants submit that if there was some motivation to combine the 
teachings of these references to produce the heavy atom-containing proteins for x-ray 
crystallographic analysis more easily in an in vitro system, this was entirely missed by practitioners. 
Both Hendrickson and Spirin were published more than 10 years before the priority date of the 
instant application. Thus, while the usefulness of heavy atom-containing proteins for MAD analysis 
was known, the ordinary artisan did not use any of the cell-free protein synthesis systems available 
to generate such proteins. This is likely to due to the common belief that cell-free protein synthesis 
systems are inherently unstable, even fragile, and thus not a good system for producing a protein 
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with a consistently high heavy-atom incorporation rate. See, e.g., Madlin et al. at Abstract (stating 
that it is a common belief that cell-free translation systems are "inherently unstable, even fragile") 
(Exhibit A). In point of fact, the ordinary artisan employed an in vivo system in met- E. coli to 
produce heavy atom-containing proteins using, e.g., selenomethionine. See Hendrickson et al. 
(Exhibit B). Numerous complications clouded the potential success of the in vivo systems being 
employed. See Exhibit B at page 1670. For example, in Hendrickson, the authors list solubility, 
oxidation, sufficient heavy atom replacement rates, and temperature sensitivity as problems for 
selenomethionyl proteins. Id, This combination of unpredictability in the known systems for heavy 
atom-containing proteins with the inherent instability of the cell-free protein synthesis system 
teaches away from using the claimed method to produce such proteins. See MPEP § 2145 (X)(l)(3) 
("The totality of the prior art must be considered, and proceeding contrary to accepted wisdom in 
the art is evidence of nonobviousness." (citations omitted)). Thus, while the employment of the 
cell-free protein synthesis system as described by Applicants to make heavy atom-containing 
proteins is a relatively simple invention, it is obvious only in hindsight based on Applicants 5 
disclosure. A rigorous examination of the references and the accepted wisdom in the field fail to 
provide a motivation to combine these references or a reasonable expectation of success in such a 
combination. Accordingly, the cited references fail to render the claimed methods prima facie 
obvious. 

Finally, the cited combination of references fail to render the product of the claimed 
methods obvious. Neither the Japanese application nor Spirin teach or suggest the use of the 
disclosed systems to generate proteins with heavy atom amino acids. Hendrickson is completely 
silent with regards to methods of making proteins with heavy atom amino acids, and therefore 
contains no suggestion on the properties or characteristics of the resulting proteins. As none of the 
references suggest or even address the nature of a protein containing at least 80% substitution of a 
heavy atom amino acid, making an assertion that such a protein is obvious in view of the cited 
references is without scientific basis. 

In view of the above, Applicants respectfully submit that the basis for these rejections 
may be removed. 
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CONCLUSION 



In view of the above, each of the presently pending claims in this application is believed 



to be in immediate condition for allowance. Accordingly, the Examiner is respectfully requested to 
withdraw the outstanding rejection of the claims and to pass this application to issue. If it is 
determined that a telephone conference would expedite the prosecution of this application, the 
Examiner is invited to telephone the undersigned at the number given below. 



other relief is required, applicant petitions for any required relief including extensions of time and 
authorizes the Commissioner to charge the cost of such petitions and/or other fees due in connection 
with the filing of this document to Deposit Account No. 03-1952 referencing docket no. 
251002009300. However, the Commissioner is not authorized to charge the cost of the issue fee to 
the Deposit Account. 



In the event the U.S. Patent and Trademark office determines that an extension and/or 



Dated: June 3, 2004. 




Registration No. : 5 1 ,804 
MORRISON & FOERSTER LLP 
381 1 Valley Centre Drive, Suite 500 
San Diego, California 92130 
(858) 720-7955 
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A highly efficient and robust cell-free protein 
synthesis system prepared from wheat embryos: 
Plants apparently contain a suicide system 
directed at ribosomes 

Kairat Madin, Tatsuya Sawasaki, Tomio Ogasawara, and Yaeta Endo* 

Department of Applied Chemistry, Faculty of Engineering, Ehime University, Matsuyama 790-8577, Japan 

Edited by Harry F. Noller, University of California, Santa Cruz, CA, and approved November 15, 1999 (received for review August 17, 1999) 

tion-translation system yields as much as 6 mg of protein per 
milliliter of reaction volume (12). This high productivity can, 
however, only be expected with fairly small proteins such as Ras 



Current cell-free protein synthesis systems can synthesize proteins 
with high speed and accuracy, but produce only a low yield 
because of their instability over time. Here we describe the prep- 
aration of a highly efficient but also robust cell-free system from 
wheat embryos. We first investigated the source of the instability 
of existing systems in light of endogenous ribosome-inactivating 
proteins and found that ribosome inactivation by tritin occurs 
already during extract preparation and continues during incuba- 
tion for protein synthesis. Therefore, we prepared our system from 
extensively washed embryos that are devoid of contamination by 
endosperm, the source of tritin and possibly other inhibitors. In a 
batch system, we observed continuous translation for 4 h, and 
sucrose density gradient analysis showed formation of large poly- 
somes, indicating high protein synthesis activity. When the reac- 
tion was performed in a dialysis bag, enabling the continuous 
supply of substrates together with the continuous removal of small 
byproducts, translation proceeded for >60 h, yielding 1-4 mg of 
enzymatically active proteins, and 0.6 mg of a 126-kDa tobacco 
mosaic virus protein, per milliliter of reaction volume. Our results 
demonstrate that plants contain endogenous inhibitors of trans- 
lation and that after their elimination the translational apparatus 
is very stable. This contrasts with the common belief that cell-free 
translation systems are inherently unstable, even fragile. Our 
method is useful for the preparation of large amounts of active 
protein as well as for the study of protein synthesis itself. 

The development of a system capable of synthesizing any 
desired protein on a preparative scale is one of the most 
important endeavors in biotechnology today. Three strategies 
are currently being used: chemical synthesis, in vivo expression, 
and cell-free protein synthesis. The first two methods have severe 
limitations: chemical synthesis is not feasible for the synthesis of 
long peptides because of low yield, and in vivo expression can 
produce only those proteins that do not affect the physiology of 
the host cell (1-3). Cell-free translation systems, in contrast, can 
synthesize proteins with high speed and accuracy, approaching 
in vivo rates (4-5), and they can express proteins that would 
interfere with cell physiology. However, they are relatively 
inefficient because of their instability (6). 

Because cell free systems nonetheless have great potential for 
large scale protein synthesis, many efforts have been made to 
increase their efficiency. Spirin et ai (7) proposed a continuous 
flow cell-free translation system, in which a solution containing 
amino acids and energy sources is supplied to the reaction 
chamber through a filtration membrane. This design is signifi- 
cantly more efficient than conventional batch systems: The 
reaction works for tens of hours and produces hundreds of 
micrograms per milliliter of reaction volume (7-9). Recently, 
several modified versions of the Spirin system have been re- 
ported (10-13). Kigawa et ai showed that, by using a dialysis 
membrane to facilitate the continuous supply of substrates and 
removal of byproducts, an Escherichia co//-coupled transcrip- 



protein (21 kDa) or chloramphenicol acetyltransferase (26 kDa). 
The problem with larger proteins is that with the increasing 
molecular weight of the mRNAs their degradation by endoge- 
nous £. colt ribonuclease(s) also increases; Kawarasaki et ai 
showed that in a wheat germ cell-free system translational 
efficiency increases after neutralization of endogenous ribo- 
nucleases and phosphatases with copper ions and antiphos- 
phatase antibodies (13). For their improvements, these groups 
focused on modifying the reaction chamber and/or optimizing 
the reaction conditions while using conventional extracts. We 
used a different approach, instead focusing on clarifying the 
nature of the instability of the extracts. 

We concentrated on wheat germ cell-free systems because 
they have numerous advantages such as low cost, easy availability 
in large amounts, low endogenous incorporation, and the ca- 
pacity to synthesize high-molecular-weight proteins. Moreover 
they are eukaryotic systems and hence more suitable for the 
expression of eukaryotic proteins. After we discovered that the 
mechanism of action of the ricin toxin is ribosome inactivation 
(14-16), many other ribosome-inactivating proteins (RIPs) with 
identical mechanism of action have been found in higher plants 
(17). Most commonly these toxins are single-chain proteins, and 
they inhibit protein synthesis by removing a single adenine 
residue in a universally conserved stem-loop structure of 28S 
ribosomal RNA (14-17). Although the biological function of the 
RIPs is not known, it is generally believed that they are impor- 
tant for cell defense (17). The most widely studied example is an 
antiviral effect during infection by several plant viruses (18). As 
originally proposed by Ready et al (19), the explanation for the 
antiviral activity of RIPs is that, when a cell wall is damaged, the 
RIP is released into the cytosol, where it inactivates ribosomes, 
thereby preventing virus replication. Tritin, found in wheat seeds 
and thought to be localized mainly in the endosperm, is such a 
single-chain RIP (20). Initially, it was reported that wheat 
embryonic ribosomes are resistant to this protein (20-22), which 
would render any contamination with tritin inconsequential. 

To improve protein synthesis in wheat germ cell-free systems, 
we started with the hypothesis that the embryonic ribosomes are 
in fact susceptible to tritin. In this case, contamination of wheat 
germ preparations with tritin-containing endosperm fragments 
would be fatal. Accordingly, we prepared our cell-free system 
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from extensively washed embryos and indeed found that the 
system became far more active. 

In addition to the benefit of a better protein synthesis system, 
these results shed new light on the translational apparatus itself: 
Although it is usually seen as a rather fragile apparatus, it 
appears instead to be very stable: so stable, in fact, that plants 
seem to have developed a suicide mechanism (the RIPs) directed 
against the translational- apparatus, further emphasizing its 
crucial role in cell physiology. Wc believe that the strategy we 
followed to improve the wheat cell-free system — elimination of 
endogenous translational inhibitors — is equally applicable for 
other systems. 

Materials and Methods 

General. The following procedures were either described or cited 
previously (9, 14-15, 23-24): determination of RNA N- 
glycosidase activity, analysis of cell-free protein synthesis, su- 
crose density gradient analysis of polysomes, determination of 
proteins, the sources of m7GpppG, ribonucleotide triphos- 
phates, SP6 RNA polymerase, T7 RNA polymerase, human 
placental ribonuclease inhibitor (133 units/ml), L-[U- 
14 C]leucine, MTX immobilized on agarose, creatine kinase, 
spermidine, and the 20 amino acids. Dialysis membrane (mo- 
lecular weight cutoff 12,000-14,000, regenerated cellulose, 
Viskase Sales, Chicago), the nonionic detergent Nonidet P-40, 
and proteinase inhibitor E64 were purchased from Nakarai 
Tesque (Kyoto). The luciferase assay kit (PiccaGene) was from 
Wako Pure Chemical (Osaka). Low and high molecular weight 
marker kits (Rainbow marker) were from Amersham Pharma- 
cia. Recombinant forms of luciferase and green fluorescent 
protein (GFP) (S65T) that were used as standards were pur- 
chased from Promega and CLONTECH, respectively. Plasmid 
pCaMV35S-sGFP(S65T)-NOS3'(25) carrying the GFP gene was 
kindly provided by Y. Niwa (School of Food and Nutritional 
Sciences, University of Shizuoka, Japan), and plasmid pSP-Luc + 
carrying luciferase was obtained from Promega. Plasmid pTLW3 

(26) , covering the tobacco mosaic virus (TMV) genome, was a 
generous gift from Y. Watanabe (University of Tokyo). 

Purification of Wheat Embryos and Extract Preparation. Wheat seeds 
were ground in a mill (Roter Speed Mill model pulverisette 14, 
Fritsh, Germany), then were sieved through a 710- to 850-mm 
mesh. Embryos were selected with the solvent flotation method 
of Erickson and Blobel (27) by using a solvent containing 
cyclohexane and carbon tetrachloride (240:600, vol/vol). Dam- 
aged embryos and contaminants were discarded, and intact 
embryos were dried overnight in a fume hood. To remove 
contaminating endosperm, the embryos were washed three times 
with 10 vol of water under vigorous stirring, and then were 
sonicated for 3 min in a 0.5% solution of Nonidet P-40 by using 
a Bronson model 2210 sonicator (Yamato, Japan). Finally, the 
embryos were washed once more in the sonicator with sterile 
water. 

Preparation of the Cell-Free Extract. The method used is a slight 
modification of the procedure described by Erickson and Blobel 

(27) . Washed embryos were ground to a fine powder in liquid 
nitrogen. Five grams of the powder were added to 5 ml of 2 X 
buffer A (40 mM Hepes, pH 7.6/100 mM potassium acetate/5 
mM magnesium acetate/2 mM calcium chloride/4 mM DTT/0.3 
mM of each of the 20 amino acids). The mixture was briefly 
vortexed and then was centrifuged at 30,000 X g for 30 min. The 
resulting supernatant was subjected to gel-filtration on a G-25 
(fine) column, equilibrated with two volumes of buffer A. The 
void volume was collected and centrifuged at 30,000 x g for 10 
min. The final supernatant was adjusted to 200 A260/mi with 
buffer A, was divided into small aliquots, and was stored in liquid 
nitrogen until use. 



Cell-Free Translation. In the batch system, 50 fx\ of reaction mixture 
contained 12.5 fx\ of extract (thus 24%); final concentrations of 
the various ingredients are 24 mM Hepes/KOH (pH 7.8), 1.2 
mM ATP, 0.25 mM GTP, 16 mM creatine phosphate, 0.45 
mg/ml creatine kinase, 2 mM DTT, 0.4 mM spermidine, 0.3 mM 
of each of the 20 amino acids including [ 14 C]leucine (2 /xCi/ml), 
2.5 mM magnesium acetate, 100 mM potassium acetate, 50 
jxg/ml of deacylated tRNA prepared from wheat embryos, 
0.05% Nonidet P-40, 1 /xM E-64 as proteinase inhibitor, 0.005% 
NaN 3 , and 7.2 ptg (0.02 nmol) of dihydrofolate reductase 
(DHFR) mRNA. The extract was not treated with micrococcal 
nuclease because we did not observe any positive effect of this 
treatment. Incubation was done at 26°C. 

For the dialysis system, 500 ^1 of reaction mixture contained 
300 /xl of the extract and the same ingredients as described above. 
The dialysis bag was immersed in 5 ml of a solution containing 
all described ingredients except for creatine kinase. The reaction 
was done at 23°C, and, every 24 h, 0.05 nmol of DHFR mRNA 
(or equivalent moles of the other mRNAs) and 50 jxg of creatine 
kinase were supplemented. The dialysis solution was also re- 
placed every 24 h. To confirm the longevity of the system, 
[ 14 C]leucine (the same concentration as above) was added into 
both reaction mixture and dialysis buffer at 52 h, then was 
incubated until 72 h (Fig. 4C). The autoradiogram of the gel was 
obtained by using a BAS-2000 phosphoimager (Fuji). 
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Fig. 1. Removal of tritin from embryos. Extracts were prepared from un- 
washed or washed embryos (A), and the depurination assay was performed 
(B). Translation mixtures prepared with the extract from unwashed embryos 
were incubated for 0, 1, 2, 3, and 4 h (B, fanes 1-5 respectively); mixtures with 
washed embryos were incubated forO, 2, and 4 h (lanes 10-12, respectively). 
Isolated RNA was treated with acid/aniline, then was separated on 4.5% 
polyacrylamide gels. Additionally, RNA was directly extracted from embryos 
with guanidine isothiocyanate-phenol and was analyzed as above before (B, 
Iane7) and after (B, lane 8) treatment with acid/aniline. For the fragment 
marker (S, lanes 6 and 9), incubation was carried out in the presence of 
gypsophilin (40), a highly active RIP from Gypsophila elegance; the arrow 
indicates the aniline-induced fragment. 
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Preparation of mRNA. Capped mRNA encoding DHFR was syn- 
thesized by in vitro transcription of linearized plasmid pSP65 
carrying the gene under SP6 RNA polymerase promoter control 
(9). The transcript is 1,079 nucleotides long and consists of the 
sequence m 7 GpppGAAUACACGGAAUUCGAGCUCG- 
CCCGGGA AAUCUCA/1 UG (the italicized sequence is the 
initiation codon) at its 5' end, a 477-nt coding sequence, and a 
3' noncoding region of 565 nucleotides with a poly(A) tail of 100 
adenosines (9). Coding sequences for GFP (717 nucleotides) 
(25) and luciferase (1,650 nucleotides) were cloned into the 
above plasmid in such a way that the 5'- and 3'-untranslated 
regions of DHFR were preserved. Capped TMV RNA (6,388 
nucleotides) was transcribed from linearized plasmid pTLW3 
carrying the genome under T7 RNA polymerase promoter 
control (26). 

Analysis off Products and Their Enzymatic Activities. The amount of 
protein synthesized was determined as follows: Aliquots were 
withdrawn, and samples containing 1 fi\ of reaction mixture were 
separated on 12.5% SDS poiyacrylamide gels (8% gels for TMV 
protein) or 12.5% native poiyacrylamide gels (for GFP), then 
were stained with Coomassie brilliant blue. The product amount 
was estimated by densitometric scanning of the bands and 
comparison to standards. The standard samples were prepared 
by mixing a reaction mixture without mRNA with known 
amounts of standard proteins (DHFR, GFP, or luciferase) 
before loading onto the gel. Because pure, authentic, 126-kDa 
TMV protein is not available, the amount of this protein was 
estimated with less accuracy by calculating its relative amount 
compared with molecular markers included as internal standards 
by using average 105- and 160-kDa band intensities. The amount 
of DHFR was confirmed by determining the amount of meth- 



otrexate-agarose column purified protein, and its activity was 
measured colorimetricaily as described (9). Luciferase activity 
was determined by using a commercial kit and a liquid scintil- 
lation counter as described (28). The specific activities of 
recombinant luciferase and the synthesized protein were 3.4 x 
10 5 and 5.1 X 10 6 cpm/pg, respectively. Semiquantitative mea- 
surement (28) of GFP activity on the native gel was carried out 
by using a UV-illuminator (Dark Reader, Clare Chemical Re- 
search, Denver) with a wavelength of 400-500 nm. Subsequent 
scanning of photographs of the UV images and comparison of 
the intensities of the bands to those of the recombinant protein 
revealed that the translation product had more activity than the 
standard by a factor of 1.4. 

Results and Discussion 

Removal off Contaminants such as Tritin from Wheat Embryos Leads to 
a More Active Cell-Free Protein Synthesis System. Since the first 
report of solvent flotation for the enrichment of viable, intact 
embryos from wheat seeds by Johnston and Stern (29), this 
method has commonly been used for the preparation of wheat 
embryos. We first addressed the possibility of a tritin contami- 
nation originating from endosperm as the reason for the insta- 
bility of wheat germ cell-free systems. If wheat germs are isolated 
from dry wheat seeds by conventional procedures (27), micro- 
scopic examination reveals that the sample contains embryos as 
well as some white material and a number of white and brownish 
granules (Fig. L4). Analysis of ribosomal RNAs from a protein 
synthesis reaction prepared from such a sample showed that 
depurination of ribosomes occurs, contradicting earlier reports 
(20-22) (Fig. IB). After 4 h of incubation, 24% of the ribosome 
population had been depurinated, as judged by the aniline- 
dependent formation of a specific RNA fragment (Fig. IB, 
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Fig. 2. Protein synthesis with an extract prepared from washed embryos. The batch system contains either 1 2 p\ (24%) or 24 y\ (48%) of extracts from washed 
(A) or unwashed (B) wheat embryos. Protein synthesis' was measured as hot trichloroacetic acid insoluble radioactivity. Arrows show addition of substrates. C 
shows the polysome profiles of 15 m' of reaction mixture aliquots loaded onto a linear 10% to 45% sucrose gradient in 25 mM Tris-HCI (pH 7.6), 100 mM KCI, 
and 5 mM MgCl 2 . After centrif ugation, fractions were collected from the bottom of the tubes and were measured at 260 nm as described (24). Incubation times 
were 0 h (open circles in a), 1 h (closed circles in a), and 2 h (b) in the absence (open circles in b) or presence (closed circles in b) of 0.4 M M cycloheximide. In c, 
the translation system prepared from unwashed embryos was incubated for 2 h. In d and e, aliquots from the dialysis system were withdrawn after 48 and 60 h 
and were incubated in the presence of 0.4 jiM cycloheximide for another 60 min at 26°C (closed circles). Similar analyses of the samples were carried out in the 
absence of mRNA (o* and e, open circles) as negative controls. 
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arrow). Furthermore, even at the start of the incubation, 1% of 
the population had already been depurinated. The site of 
depurination was confirmed by direct sequencing of the frag- 
ment to be in the universally conserved sarcin/ricin domain of 
28S rRNA (data not shown). When RNA was extracted directly 
from embryos by guanidine isothiocyanate-phenol, little forma- 
tion of the aniline-induced fragment was observed (Fig. \B, lanes 
7 and 8). Thus, depurination must have occurred during the 
extract preparation and then continued during the protein 
synthesis reaction. 

The observed extent of depurination constitutes a consider- 
able damage to protein synthesis because inactivation of any one 
ribosome among the actively translating ribosomcs on an mRNA 
results in blockage of the respective polyribosome and cessation 
of translation (16). Attempts were made to neutralize the 
depurinating enzyme with synthetic RNA aptamers that tightly 
bind to the RIP (30), but these attempts failed. Instead, careful 
selection and subsequent extensive washing of the embryos 
yielded better results. These embryos had few contaminants (Fig. 
l/J Right), and when the depurination assay was performed, no 



aniline-induced cleavage was detectable (Fig. IB, lanes 10-12), 
indicating minimal, if any, depurination during preparation as 
well as incubation. 

As shown in Fig. 2, the cell-free system prepared from washed 
embryos has much higher translational activity than the con- 
ventional system (compare Fig. 2 A and B). When programmed 
with mRNA coding for DHFR, it has almost linear kinetics in 
DHFR synthesis over 4 h in a system containing 24% extract, as 
opposed to the regular system, which ceased to function after 
1.5 h. When the content of washed extract in the reaction volume 
was increased to 48%, amino acid incorporation occurred ini- 
tially at a rate twice that with 24% extract, but then stopped after 
1 h. However, this halting was caused by a shortage of substrates 
rather than an irreversible inactivation of ribosomes or factors 
necessary for translation; Addition of amino acids, ATP, and 
GTP after cessation of the reaction (Fig. 2 A and B, arrows) 
restarted translation with kinetics similar to the initial rate. In 
contrast, if conventional extract was added to 48%, protein 
synthesis actually decreased compared with the 24% extract 
reaction. Furthermore, the halting of protein synthesis in the 
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Fig. 3. Protein synthesis in the dialysis-system. (A and 8) Coomassie blue-stained SDS polyacrylamide gels showing DHFR synthesis with {A) or without (B) addition 
of new mRNA. Arrows and asterisks mark DHFR and creatine kinase, respectively. The standard sample was prepared by mixing a reaction mixture without mRNA 
with known amounts of DHFR before loading onto the gel. (O Amounts of DHFR synthesized as determined from densitometric scans of the gels in A (closed 
circles) and B (open circles). 
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reaction with 24% extract could not be reversed by the addition 
of more substrate, indicating an irreversible damage by contam- 
inants from endosperm (Fig. 2B). 

High protein synthesis activity of the system with washed 
embryos can also be demonstrated by sucrose density gradient 
analysis (Fig. 2C). Significant formation of polysomes was ob- 
served after 1 h of incubation,, and at 2 h a shift to heavier 
polysomes with a concomitant decrease of SOS monosomes was 
seen (Fig. 2C a and b). In the presence of low concentrations of 
cycloheximide polysome formation is a measure of translational 
initiation (31). A concentration of cycloheximide of 0.4 ptM 
reduced the incorporation of [ i4 C]leucine to 21% of the control 
(data not shown) and resulted in an accumulation of large 
polysomes, with 78% of ribosomes in polysomes (open circle in 
Fig. 2Ch). A similar analysis of cell-free reactions prepared with 
regular extracts (27), but done in the absence of cycloheximide, 
did not show significant polysome formation (Fig. 2C c). The 
high efficiency of our system, therefore, can be attributed to at 
least two factors: first, high initiation, elongation, and termina- 
tion rates (efficient usage and recycling of ribosomes); and 
second, low endogenous ribonuclease activity (retention of 
heavy polysomes for prolonged time). 

There is an additional explanation for the dramatic improve- 
ment of protein synthesis after washing of the embryos. Thionins 
are a group of small basic and cysteine-rich proteins, originally 
purified as antifungal proteins from a variety of plants, including 
wheat seeds (32). Wheat y-thionin is known to be in the 
endosperm of seeds (33), and, recently, Brummer et al have 
shown in a wheat germ translation system that a- and 0-thionin 
from barley endosperm are potent inhibitors of protein synthesis 
initiation (34). In addition, several ribonucleases have been 
reported in the endosperm of the seeds (35). Thus, it is possible 
that the washing of the embryos resulted in elimination of 
thionin and ribonucleases as well as tritin. 

The Continuous-Flow Cell-Free System on a Preparative Scale. After 
establishing a procedure for the preparation of highly active 
wheat embryo extract, we addressed its possible application for 



the large scale production of protein. For this purpose, we chose 
a dialysis system because of its continuous supply of substrates 
and continuous removal of small byproducts (12). With DHFR 
mRNA as template, protein synthesis worked efficiently, as 
demonstrated by a Coomassic blue stained gel (Fig. 14, arrow). 
Densitometric quantitation as well as a direct determination of 
purified DHFR revealed that the reaction proceeded up to 60 h, 
yielding 4 mg of enzyme in a 1-ml reaction (Fig. 3C). This yield 
was achieved when the system was supplemented with fresh 
mRNA every 24 h; without the addition of fresh mRNA, the 
reaction ceased after 24 h and yielded 1 mg of DHFR (Fig. 3 B 
and C, open circles). When aliquots of the reaction mixtures were 
withdrawn after 48 and 60 h and then were incubated in the 
presence of a low dose of cycloheximide for an additional 1 h, 
sucrose gradient centrifugation revealed polysome formation 
(Fig. 2C d and e). This is a direct indication of a robust system 
with high translational activity. The product has a similar specific 
activity as the authentic enzyme, 15.3 vs. 19.1 units/mg (9). 

As shown in Fig. 4, the system also synthesized proteins of 
higher molecular weight in a preparative scale: 1.1 mg of 
luciferase (65 kDa), 1.2 mg of GFP (45 kDa). These proteins had 
the same or even higher specific activity compared with com- 
mercially available recombinant forms (Fig. 4 A and B; see 
Materials and Methods). Furthermore, the 126-kDa replicase of 
TMV, a major genome product (36) during infection, was 
produced with a yield of as much as 0.6 mg (Fig. 4). The synthesis 
proceeded for up to 72 h, as shown by the increase in intensity 
of the Coomassie brilliant blue-stained bands. This point was 
confirmed by autoradiography and analysis of amino acid in- 
corporation: [ 14 C]leucine was added after 52 h, samples were 
withdrawn at 60 and 72 h, and the samples were analyzed by SDS 
gel electrophoresis and autoradiography (Fig. 4). Densitometric 
quantitation of the bands showed linear synthesis: The photo- 
stimulated luminescence of the sample after 8 h of synthesis (at 
the 60-h time point) was 186, and after 20 h (at the 72-h point) 
it was 465, even though the rate of protein synthesis as measured 
by leucine incorporation was 21% of the rate at the beginning of 
incubation. This is another direct evidence of the robustness of 
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Fig. 4. Synthesis of luciferase {A). GFP (B), and 1 26-kDa TMV protein (O in the dialysis system. Samples were analyzed as described in Materials and Methods. 
The standard samples were prepared by mixing a reaction mixture without mRNA with known amounts of luciferase or GFP before loading onto the gel. For 
the autoradiogram in C, [ 14 C]leucine was added at 52 h, and samples were withdrawn after an additional 8 h (60 h total) or 20 h (72 h). Authentic GFP migrates 
slower than the cell-free product on the native gel, which is attributable to different amino acid compositions because both proteins work as a monomer form. 
Products and supplemented creatine kinase are marked with arrows and asterisks, respectively. 
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the system and its efficiency in synthesizing even a 126-kDa 
protein for 3 days. 

The structures of 5'- and 3'-untransIated regions are impor- 
tant for the efficiency of initiation and termination and also for 
the stability of mRNA (37). The mRNA constructs used here 
were not optimized in this respect, and we believe that the yields 
in our experiments do hot, therefore, necessarily reflect maxi- 
mum capacity. Efficient mRNA translation and its regulation 
requires a series of protcin-mRNA and protein-protein inter- 
actions (37), and Wells et al. have recently shown the circular- 
ization of mRNA in vitro (38). Our method provides, in addition 
to its protein synthesis capacity, the opportunity to study trans- 
lation itself, including the phenomenon of circular mRNA or the 
characterization of untranslated regions of mRNA in terms of 
efficient initiation or stability. 

We show here that removal of endosperm contaminants, 
which contain protein synthesis inhibitor(s), from the embryo 
fraction improves protein synthesis in a wheat germ cell-free 
system. The improvement likely is caused by increased transla- 
tional activity resulting from elimination of inhibitors of initia- 
tion (e. g. the thionins) and ribonucleases, as well as elimination 
of the RIP tritin. It is generally believed that cell-free translation 
systems are inherently unstable, but our results demonstrate the 
opposite: The translational apparatus appears to be very stable, 
in vitro and presumably also in vivo. We believe that our results 
shed light on the biological function of the nearly ubiquitous 
plant RIPs. We propose that plants acquired during evolution a 
suicide system useful to prevent larger damage and that because 
of its stability the translational machinery is the most important 
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target of a suicide system. Viral attack would be one instance in 
which this suicide mechanism is employed. Ribosomes are a 
popular target of antibiotics also, emphasizing their central role 
in cell metabolism. The observed high stability of the transla- 
tional apparatus might be an essential requirement for the 
evolution of life: Certain basic physiological processes such as 
protein synthesis might be required to function even in adverse 
conditions. 

It is likely that the strategy that we followed to improve the 
wheat cell-free system, i.e., the inactivation of the translational 
suicide system, is successful with other systems as well. For 
instance, the widely used cell-free system from E. coli contains 
high ribonuclease activity and is hampered by a low efficiency in 
the translation of large mRNAs. Because of significant levels of 
template degradation, E. coli systems are limited when selecting 
large polypeptides for polysome display. 

Our protein synthesis system has several advantages compared 
with existing systems in addition to its high efficiency: As a 
cukaryotic system, it is more amenable to the production of 
eukaryotic proteins from their natural mRNAs: i.e. no cDNA 
modification is needed; the system can produce high molecular 
weight proteins; because of little template degradation, it is 
useful for polysome display (39); and proteins that would 
normally interfere with cell physiology can be synthesized. 
Additionally, it should be a useful tool in the study of translation 
itself. 
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Selenomethionyl proteins produced for analysis by 
multiwavelength anomalous diffraction (MAD): a vehicle 
for direct determination of three-dimensional structure 
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An expression system has been established for the 
incorporation of selenomethionine into recombinant 
proteins produced from plasmids in Escherichia coli. 
Replacement of methionine by selenomethionine is 
demonstrated at the level of 100% for both T4 and E.coli 
thioredoxins. The natural recombinant proteins and the 
selenomethionyl variants of both thioredoxins crystallize 
isomorphously. Anomalous scattering factors were 
deduced from synchrotron X-ray absorption 
measurements of crystals of the selenomethionyl proteins. 
Taken with reference to experience in the structural 
analysis of selenobiotinyl streptavidin by the method of 
multiwavelength anomalous diffraction (MAD), these 
data indicate that recombinant selenomethionyl proteins 
analyzed by MAD phasing offer a rather general means 
for the elucidation of atomic structures. 
Key words: crystallography/protein striK^ui^selenium/selenr> 
methionine/thioredoxin 



Introduction 



The decisive molecular images obtained from crystal 
structures often provide powerful insight into biological 
activity. These images have traditionally been hard won, 
however, as macromolecular crystallography is generally 
arduous and time consuming. Recent advances in instru- 
mentation and methodology have accelerated the pace 
substantially; but, nevertheless, two steps in the process 
remain especially problematic: crystallization and the phase 
problem. There is still more art than science in growing 
suitable crystals, although prospects are improved by the 
availability of clean protein stocks in abundance from 
recombinant expression systems. Molecular biology 
techniques can also aid in evaluating phase angles for uie 
diffracted X-ray waves, and we report here on a new 
approach for introducing suitable diffraction labels into 
proteins. _ . <- 

One must know both the amplitude and phase for each of 
thousands of diffracted waves from a rnacrorr«leailar crystal 
in order to reconstruct an image, but only amplitudes can be 
recovered from standard diffraction measurements. This 
presents the central cofX*ptual obstacle in crystaUography- 



the phase problem. Phase evaluation for new macromolecular 
structures traditionally has been based on the analysis of 
isomorphous replacements with heavy atoms, although other 
sources of phasing such as molecular averaging or anomalous 
scattering are often used in supplement. This, the method of 
multiple isomorphous replacement (MIR), entails the trial- 
and-error preparation of heavy-atom derivatives and it is 
frequently limited by lack of isomorphism. 

Recently, an alternative approach has been devised for de 
novo phasing of macromolecular crystal structures. This is 
the method of multiwavelength anomalous diffraction (MAD) 
(Hendrickson, 1985) which exploits the scattering effects of 
resonance between X-rays and bound atomic orbital s as 
indicated in Figure 1 . Qualitatively, MAD experiments can 
be thought of as in situ isomorphous replacements generated 
by the variation in scattering strength that accompanies 
change of wavelength. The MAD method does require the 
special properties of synchrotron radiation, but it has 
advantages in that isomorphism is perfect, all data can be 
measured from a single crystal, and the analysis is 
algebraically exact (Karle, 1980). Several recent applications 
demonstrate the effectiveness of MAD phasing (Guss et ai , 
1988; Hendrickson etai, 1988; Krishna Murthy ttal % 
1988; Hendrickson etal. f 1989). 

The MAD method requires the presence of a few heavier 
elements as resonance centers. The anomalous scattering 
from the lighter atoms (H, C, N and O) in proteins is 
inappreciable at typically achievable wavelengths 
(0.5-3.0 A), and although sulfur anomalous scattering has 
been used for protein phasing in special cases (Hendrickson 
and Teeter, 1981) its resonance energy is ordinarily 
inaccessible for MAD experiments. Either intrinsic metal 
centers (e.g. Fe or Zn) or introduced heavy atoms (e.g. Hg. 
Au or Gd) are suitable and they can produce dramatic effects. 
However, metalloproteins or chemical derivatives are not 
always at hand. Systematic biological incorporation of 
selenomethionine in place of methionine residues in proteins 
offers the possibility of generality. Cowie and Cohen (1957) 
showed that a strain of E.coli made auxotrophic for 
methionine could grow for 100 generations in 
selenornethk>nine, suggesting that all proteins needed to sus- 
tain life in this organism can function well when fully 
substituted with selenomethionine. Our experiments in the 
MAD phasing of selenolanthionine (Hendrickson, 1985) and 
of selenobiotinyl streptavidin (Hendrickson tfa/., 1989) 
demonstrate that selenium is very effective as a center for 
MAD phasing. 

In this study, we have developed a system for expressing 
recombinant selenomethionyl proteins in Ecoli. Seleno- 
methionyl thioredoxins produced from this system have been 
crystallized and characterized . A theoretical evaluation based 
on anomalous scattering factors measured from seleno- 
methionyl Exoii thioredoxin indicates that MAD analysis 
of selenomethionyl proteins should provide a broadly 
applicable solution to the phase problem. 
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Fig. 1. Schematic description of anomalous scattering from atoms in 
macromolscular crystal structures. The upper portion illustrates the 
normal and anomalous components of atomic scattering. Normal 
scattering of X-rays by matter arises from radiation emitted by 
electrons that have been excited into free vibration by an incident X- 
ray wave. The amplitude of normal atomic scattering, f°(0) depends 
on scattering angle, 6, but it is independent of wavelength, X. 
However, when the energy, E, associated with X-rays of wavelength X 
approaches an energy level of electrons bound in atomic orbitals the 
induced vibrations resonate with the intrinsic atomic oscillations This 
affects the amplitude and the phase of scattering. The incremental 
anomalous scattering factor, f\X), depends very strongly on 
wavelength but is essentially independent of scattering angle. The 
tower portion illustrates the components of diffraction from a 
crystalline array of molecules. Each molecule in a protein crystal 
might contain a few thousand atoms (such as C. N and 0) that only 
scatter X-rays normally and few additional atoms (such as Se) that 
produce anomalous (resonant) scattering. The normal component of 
anomalous centers is symbolized by open circles and the anomalous 
component is represented by solid circles. The preponderant light 
atoms are not represented individually here. The total diffraction from 
such a oystal is described by the structure factor. >F T (h),^h 
reflection h as measured at a particular wavelength X. The normal 
scattering cornponent of this diffraction, which has components from 
all moms m the structure, is given by 'F T <h). Kruwledgeof this 
wavelength independent component of diffraction. "F T = |»FJ exr» 
0*r). mcludmg its ph.*. suffices by Fourier transforjionw 
produce an mage of the crystal structure. Only the heavier atoms 
usually few in number, contribute to anomalous diffS arTL 
co^ooen. contams all wavelength dependence. In the «£ T a 
■and of anomalous scatterer (as in sdenc™thio„y| proteins) thU * 

Sr^* irtV F these 
^ ( F A (h). by the ratio of anomalous to normal scattering facSrt 

Through an algebraic analysis of total diffraction dat, „~„„ , 
accurately at a few wavelengths (usually 3 "?Tu^ ^ 
*e essential components «Fj L M- W^r*" " ,ract 

£of/F T | measurements fl&le, l^He^rickso^ ~ l9 & n 
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a lesion in the met A gene. This strain grows as vigorously 
as its parent MG1655 (Guyer et al. . 1981 ). a viable F~, X" 
strain derived from E.coli K12. It can double in 80-85 min 
at 33 °C on a defined glucose medium (LeMaster and 
Richards, 1985) supplemented by selenomethionine in place 
of methionine (as compared with 50-55 min in the 
methionine medium), and it will grow to an OD NI) of >4.0 
in a shaker bath. Cell growth in selenomethionine is 
somewhat variable, however. For example, the doubling 
time in shaker flasks at 31°C was found to be 160 min. 

Recombinant selenomethionyl thioredoxin expression 

Our initial tests in the production and crystallographic 
analysis of selenomethionyl proteins have been carried out 
on thioredoxins since a suitable expression system was 
already available. This system simultaneously produces both 
E.coli and bacteriophage T4 thioredoxins (LeMaster and 
Richards, 1988) and these molecules have concentrations of 
methionine suitable for MAD phasing: one residue in 108 
for the E.coli protein (Holmgren, 1968) and three in 87 for 
the T4 protein (Sjoberg and Holmgren, 1972). The expres- 
sion plasmid for this system, pDL59, is under control of 
the P L promoter from bacteriophage X, and it was con- 
structed to be genetically portable for use in isotopic labeling 
of specific amino acids for NMR studies. Thus, the 
temperature-sensitive C m7 X repressor gene and the anti- 
terminator N gene were cloned into the plasmid along with 
the trxA gene for E.coli thioredoxin (Lunn et al. , 1984) and 
the nrdC gene for T4 phage thioredoxin (LeMaster, 1986). 
The pDL59 plasmid was introduced into the DL41 bacterial 
strain and this system was used to produce both seleno- 
methionyl thioredoxins as well as the natural recombinant 
proteins. Starter cultures for selenomethionyl protein 
production were grown in methionine containing medium 
since stationary phase bacteria do not tolerate seleno- 
methionine very welL The same purification procedures as 
described for the natural proteins (LeMaster and Richards, 
1985) were used for purifying the selenomethionyl proteins. 
A yield of 65 mg of £. colt selenomethionyl thioredoxin and 
20 mg of T4 selenomethionyl thioredoxin was obtained from 
2.5 1 of fermenter culture. 

The level of selenomethionine substitution in the purified 
proteins was estimated by amino-acid composition analysis. 
Selenomethionine decomposes under the acid hydrolysis 
conditions used in the analysis (Shepherd and Huber, 1969), 
and thus it is the absence of methionine that is monitored. 
Comparable portions of the chromatograms for natural and 
^lenomethionyl T4 thioredoxins are shown in Figure 2. 
Analyses made with normal loading ( ~ 10 Mg) gave a yield 
oi 2.5 and 1.0 residues of methionine per molecule from 
U?" 1 ? T4 and E coli P rote >ns, respectively, whereas 
reproducibly there was no detectable methionine in the 
selenomethionyl proteins. When analyzed under overloaded 
conditions (30-40 Mg ), the T4 and Ecoli selenomethionyl 
tftioredoxins gave 0.04 and 0.02 residues of methionine per 
molecule (i.e 1.3 % and 2.0% of the methionine sites). Tliese 
Ifnncf 6 WeU withb "** mean square (r.m.s.) deviation 
oi u.w residues between duplicates and a 0.61 residue r.m.s. 
a^repancy between analytical and theoretical compositions, 
i nus, within the limits of the sensitivity of our analysis the 
in w"** ° f methi °nine by selenomethionine is complete 
inj uiese experiments. Positive evidence for the seleno- 
methionine substitution is provided by X-ray absorption 
spectra described below 
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Fig. 2. Portions of the amino acid composition chromatograms for 
natural and selenomcthionyl T4 thioredoxin. The respective clution 
profiles of absorbances of ninhydrin derivatives of the amino acids are 
shown with positions marked by the one-letter code for amino acids. 
Valine is in the unmarked peak following cysteine and X indicates the 
location of the norleucine standard. 



Crystallization of seienomethhnyf thhredoxins 

Crystal structure analyses have been reported previously both 
for E.coli thioredoxin (Holmgren et ol. , 1975) and for T4 
thioredoxin (Soderberg et qL, 1978), and the structure of 
the E. coli protein has recently been refined at high resolution 
(Katti etaL, 1990). In this study we have attempted to 
crystallize the selenomethionyl proteins under conditions 
similar to those used with the natural methionyl thioredoxins. 
Pertinent characteristics of resulting crystals are summarized 
in Table I. T4 thioredoxin was crystallized at 4°C from 
ethanol in the presence of cadmium, but by vapor diffusion 
in hanging drops rather than in nucrodiffusion capillaries 
as before (Sjoberg and Soderberg, 1976). Nevertheless, the 
natural and selenomethionyl crystals are nearly isornorphous. 
Crystals of Ecoli thioredoxin were grown in the presence 
of copper, but using polyethylene glycol (PEG) rather than 
2-methyl-2,4-pentanediol (MPD) as the precipitating agent 
and at 20°C rather than 4°C. The PEG crystals differ 
markedly from the MPD crystals although they are clearly 
related. The natural recombinant protein and its 
selenomethionyl counterpart crystallize isorrwrphously in 
vapor diffusion against the same PEG concentration^ This 
is evident from crystal morphology and X-ray &flracUon 
patterns (Figure 3). The most noticeable difference in the 
crystallization of the two E.coli proteins is that crystals 
appear sooner in the selem>rnetmoiune case. This may reflect 
the somewhat reduced solubility of the variant prx^m-under 
the initial hanging-drop conditions (4% PEG 3350 and I mM 
Cu 2+ at pH 4.2), a slight precipitate can be observed^ with 
selenomethionyl E.coli thioredoxin at 3.9 mg/ml, whereas 
under the same conditions but with the natural txoii 
thioredoxin at 6.3 mg/ml the initial solution is clear. 



Anomalous scattering factors 

Since the efficiency of the MAD method derives from the 
variation of scattering strength with X-ray wavelength, it is 
essential that the anomalous scattering factors be known. 
These can be obtained from X-ray absorption spectra 
measured near the resonant orbital energy with synchrotron 



radiation and analyzed in relation to theoretical values 
(Cromer, 1983) that are computed for the elemental state. 
X-ray absorption spectra were measured from crystals of 
both E.coli and T4 thioredoxin, and these data were analyzed 
as before (Hendrickson et al , 1988) to produce scattering 
factors. The resulting spectra are similar to those from other 
organic selenides including dl selenomethionine 
(unpublished results), selenolanthionine (Templeton and 
Templeton, 1988) and selenobiotinyl streptavidin 
(Hendrickson etai, 1989). In particular, the selenium 
anomalous scattering is anisotropic which demonstrates that 
the selenomethionine is incorporated into thioredoxin in an 
ordered manner. 

Anomalous scattering factors measured from one 
orientation of a selenomethionyl E.coli thioredoxin crystal 
are shown in Figure 4. These data were obtained with the 
high energy resolution of a Silll double crystal 
monochromaior and they exhibit a pronounced 'white line* 
of edge absorption. The strength of these sharp edge features 
enhances the phasing potential of the MAD method. Table 
II gives the locations and values of extrema in three nearly 
orthogonal orientations with respect to the polarized X-ray 
beam. A crystal of selerK>rnethionyl T4 thioredoxin examined 
with radiation from a Gel 11 monochromator gave a 
spectrum similar to that shown in Figure 4, but with 
somewhat lower resolution. 



Theoretical feastoffty for MAD phasing of 
sehnomethhnyl proteins 

The ultimate test of the idea of direct determination of protein 
crystal structures by MAD phasing from selenomethionine 
is the actual analysis. We have experiments in progress on 
E.coli thioredoxin and other proteins. However, it is already 
clear by analogy with selenobiotinyl streptavidin that the 
MAD phasing of selenomethionyl proteins will be feasible 
provided that the methionine residues are ordered and 
appropriately abundant. The average frequency of 
occurrence of methionine residues in proteins is 1 in 59 
residues (Dayhoff, 1978) and this compares favorably with 
the single selenium site per 126 residues in selenobiotinyl 
streptavidin. 

Our analysis of anomalous diffraction data involves a least- 
squares optimization (Hendrickson, 1985) based on an 
exact algebraic analysis (Karle, 1980). An analysis of the 
prospective accuracy in a particular application of this 
procedure is difficult; however, the information content resides 
in diffracted intensity differences for which expected values 
can be estimated. Two such differences are pertinent and give 
mutually orthogonal phase mformation. These are the Bijvoet 
difference, AF^ = i K F(h)l - x F(-h)|, and the dispersive 
difference, AF^ = l*F| - |*F where the structure factors, 
F are as defined in the legend for Figure 1 . Given the number 
of protein atoms, the number of anomalous centers, and the 
anomalous scattering factors it is possible to detennineex- 
pected values for the respective diffraction ratios and thereby 
toestimate the relative phasing strength of a candidate for 
MAD phasing (Hendrickson et oL , 1985). Such estimates are 
presented in Table ID for a number of pertinent actual and 
hypothetical situations, ft is obvious ^ "^P^-£ 
Jo^vesekiwniem^ 

ed adprp^ tp for related problems. 
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Tablt' L Characteristic!; of thioredoxin crystals 



Molecule 


Precipitant 


Space 


Unit cell 


parameters 






References 






group 


a 


b 


c 






Natural E.ct^i thio redox in 
Natural E.c(M thioredoxin 
Sc met Fi.t oli thioredoxin 


MPl). Cu : * 
PEG. Or* 
PEG. Cu :i 


C2 
12' 
12 


89.7 A 

88.8 

89.2 


51.1 A 

49.2 

49.6 


60 .3 A 
1 16.0 
1 15.6 


II 3.5 ; 

100.2 

100.2 


Holmgren ft tit. \ t9?5) 
This work 
This work 


Natural T4 t hioredoxin 
Sc met T4 thin redox in 


Bhanol, Cd- r 
Ethanol, Cd : * 


K, 
P2| 


54.1 
53.9 


45.9 
45.8 


40.8 
39.0 


99.4 
100.4 


S^ilxrn! and Sodcrhcry (1976) 
This work 



-The Calais are dewnbed here » the unconventional .space group of 12 so .hat refc.tedne.ss ... the previously reported MPl) crystals is evident This 

u>.l«n ! » doubled ,r, the cd.recon hu, the corresponding additional reflects are rela.ively weal and are missing a. low angles 

ti 1= 1120 9" corresponding conventional cell in space group C2 has unit cell dimensions of a = I.VVI A. h = 4V.2 A. c = 88.8 A. 






Fig. .1. Photographs of crystals and dilTrac.ion patterns of namr-,1 ,„H ■ 

™S C. is fori „ "y*""*"" "'""ined | 0 « nlelhionine * ° 2 mm m I"**- CB) Type || crystals of the selenomethionyl 

..redo,,. ■ * ~ <"■**• » A ,5- prec^on"^' If 1^11^ jf^ J 



Discussion 

Selenium chemistry and metabolism 

The chemistry- of selenium is similar to that of other el.™ 
in the oxygen series with which it *» t L ^ 
electronic configuration In rtEX h, ^ ° m outer 
Coser ,„ sulfur fhan w t ^SSIS 
selenium sufficiently resembles sulfur ,hLt?u- ndeed> 
a wide variety of o^aric J ~ " substitut <* in 

(.) angle C - Sc bonds are typicailvoTl' i i " P artlcu,ar - 
bonds, (ii) organic *kJ££Z^*J^ °T C ~ S 
reactive than their sulfur counhS gC " Cral,y more 
counterpans. owing presumably 
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to lower bond strength, (iii) nucleophilic attack occurs more 
readily at selenium than at sulfur atoms, and (iv) selenium 

xmI "Tl tlS ?H, W u h SU,fur is casier 10 o*idize from valence 
to rv ™ } ^ Ut U is more difflcuh 10 oxidize from < IV) 
more IZ n ? ides and selenols (R-SeH) go 

(r LS'u/k 56 enoxides (R SeO-R') and seleninic acids 
SfSc we " on t0 *«enones (R-SeC^-R') and 
vdenomc a«ds (R-Se(0 2 )OH) than happens foTthe sulfur 
atorn?L.!k com P° u nds with terminal selenium 

SELSSlL"" !f leno,s or "knoketones) degrade in air; 

M^S npo !I nds with selenium bonded 10 "*> atoms <"* 

Selen,des ««* 35 selenomethionine) are relatively stable. 



MAO analysis of selenomethionyl proteins 
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Fig. 4. Anomalous scattering factors near the absorption edge of 
selenium measured from a crystal of selenomethionyl E colt 
thiorcdoxin. Here the electric vector E of the synchrotron X-ray beam 
was parallel with the b axis of the crystal. 



Table II. Extreme of anomalous scattering from E.coli 
selenomethionyl thiorcdoxin 



Feature 



Energy of 
Minimal f 
Energy of 
Maximal f 





E II b 


Ell c* 


Average 


l2 660eV 


12 659 eV 


l2 660eV 


12 659 eV 


-11.08 


-11.83 


-10.99 


-11.20 


12 663 eV 


12 662 eV 


12 663 eV 


12 662 eV 


7.82 


8.18 


7.93 


7.88 



The direction of X-ray poUriation in the synchrotron beam " 
designated as E and direction in the crystal are along crystallography 
axes in the real (b) and reciprocal lattice <•« and C>. The 
correspondence between energy levels and X-ray waveleng^is 
K = I-U98/E (keV). Thus. 12 659 eV corresponds to 0.9794 A and 
12 662 eV corresponds to 0.9792 A . 

Selenium is both toxic and an essential element for most 
animal and bacterial life. The requirement for selenium is 
by virtue of enzymes that exploit selenocysteine as a strong 
nudeophile and through the occurrence of selenium in certain 
bacterial tRNA specie (Stadtman, 1987). Its toxicity rmuto 
from the facile substitution of selemum in sulfur meubolism 
with untoward effects due to the exceptional reartivity of 
some products. Sulfur metabolism is quite different in 
bacteria than it is in higher organisms. I" >™« 
compounds derive from inorganic sulfur 
which is first used to produce cysteine and then meth on ne 
and other sulfur metabolites. In mammals J ^omne 
ingested in foodstuffs is the sulfur source and cysteine denves 
from methionine. Yeast and fungi have pathways operating 
in both directions. , , : „ tf/1 frtr 

Selenomethionine is remarkably benign as a 
methionine. Cowie and Cohen (1957) «*f?**r 
exneriments based on the strict absence of alternative 
STa? ^demonstrating that 100% of the methionine in 
rJSed by selenomethionine. However, 



direct physical assays were not performed, and assays for 
selenomethionyl azurin produced by Pseudomonas 
aeruginosa showed incorporation to be at most 94% 
complete (Frank et al , 1985). Here we show specifically 
that in the case of recombinant thioredoxins the methionine 
residues can indeed be fully replaced. A number of early 
in vitro studies make this a plausible and expected result. 
First, the aminoacylation of methionyl tRNA by the 
methionyl-tRNA synthetases from Sarcina lutea (Hahn and 
Brown, 1967), E.coli and rat liver (McConnell and Hoffman, 
1972) is indistinguishable when selenomethionine replaces 
methionine as a substrate. Secondly, and most stringently, 
selenomethionine is as good or better as a substrate for 
activation by S-adenosylmethionine synthetases from yeast 
and rat liver (Mudd and Cantoni, 1957), and the selenium 
analog is as effective as a methyl donor as is S-adenosyl- 
methionine itself in choline biosynthesis by rat liver 
microsomes (Bremer and Natori, 1960). Finally, the activity 
and properties of selenomethionyl and natural proteins are 
found to be very similar, if not identical, as was first shown 
for 0-galactosidase (Huber and Criddle, 1967). 

Although selenomethionine is a faithful mimic of 
methionine, the same cannot be said for selenium metabolism 
generally. The growth of E.coli with selenite replacing sulfite 
as a sulfur source arrests after depletion of sulfur reserves 
(Cowie and Cohen, 1957). Moreover, the jS-galactosidase 
produced by E.coli grown on a selenate medium proved to 
have selenomethionine incorporated at only the 53% level 
(Huber and Criddle, 1967). Interestingly, this purified 
protein contained no selenocysteine despite the necessary 
existence of selenocysteine as an intermediate in seleno- 
methionine synthesis. Probably, selenocysteine (or an 
oxidized product) is not recognized by the cysteinyl tRNA 
synthetase. 

Attributes of selenomethionine as a general phase 
vehicle 

Until now the nearest thing to a general phasing vehicle for 
protein crystallography has been in the use of cysteinyl 
residues as targets for the preparation of isomorphous 
mercurial derivatives. In contemplating new opportunities 
for generality with the introduction of MAD methodology, 
several qualities for an ideal phasing label were considered. 
These considerations include both biochemical properties 
such as convenience of labeling production, degree of 
isomorphism with the parent molecule, and durability of the 
derivative product, and also diffraction concerns such as the 
spectral position of the anomalous element, prospective 
chasing power, and the relative abundance and mobility of 
target sites. The properties of selenomethionyl proteins relate 
quite favorably to these considerations. 

A most significant attribute to selenomethionine is that 
biological incorporation into proteins obviates the complexities 
of chemical labeling. Equally important the resulting seleno- 
££tanyl proteins app«r to be essentially jsosmictural with 
Zir natural methionyl counterpart^That this k so ^codd be 
anticipated from the isomorphism between crystal structures 
of d L methionine and d,l selenomethionine (Rajeswaran 
1 iUasarathy. 1984) and l£ 
nrotein structure to site-directed point mutation. The 
SorphL between natural J^f te ^^ fiS 
structures that is demonstrated here for T4 arxlM 
has now been extended to interkulan la (TL-la) 
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Table HI. MAD phasing strength from anomalous diffraction ratios 



Molecule 


Residues 


N A 




Maximal 


Maximal 


Source of 










Bijvoet 


dispersive 


scattering factors 










ratio 


ratio 




E.coii thwredown 


108 


1 Se 


830 


5.8% 


3.5% 


This work 


T4 thioredoun 


87 


3 


670 


11.1% 


6.7% 


This work 


Hypothetical* 


300 


1 


2310 


3.5% 


2.1% 


This work „ 


Hypothetical" 


300 


5 


2310 


7.7% 


4.7% 


This work 


Hypothetical 1 


300 


10 


2310 


10.9% 


6.6% 


This work 


Hypothetical 6 


300 


5 


2310 


3.4% 


3.7% 


Hendrickson et at. (1989) 


Streptavidin 


252 


2 


1850 


2.5% 


2.3% 


Hendrickson et al. (1989) 


Crambin 


46 


6 S 


350 


1.5% 




Hendrickson and Teeter (1981) 



^ B ijvoet diff raction ratio is computed from < lAF^I > =q-2f and the dispersive diffraction ratio is < lAF^I > =q- |f (Xj)-r(Xj)| where 
q = VN^Np/Zrff (Hendrickson et ai. t 1985). Here N P , the number of non-hydrogen atoms in the protein molecule, is calculated assuming 7.7 
atoms per amino acid residue and Z^, the effective normal atomic scattering at zero scattering angle, is 6.7 electrons. N A is the number of 
anomalous scatterers per protein molecule. 

These hypothetical molecules have methionine concentrations at 1/5, 1 and 2 times average, and diffraction ratios are calculated assuming 
measurements made at wavelengths corresponding to the extrema of the average spectrum of E.coii thioredoxin as given in Table I. A remote 
wavelength of 0.90 A (f = - 1 .62) is assumed for the dispersive difference. 

b This hypothetical model assumes methionine concentration at the average and scattering factors with low energy resolution as in the streptavidin 
experiment. r 



(Graves et ai y 1990), to IL-2 (M.H.Hatada and B.J.Graves, 
personal comrnunication) and to ribonuclease H (W.Yang, 
unpublished results). Clearly, the selenomethionyl proteins 
are sufficiently stable to permit the necessary diffraction 
measurements. 

The scattering properties of selenium are also very 
favourable. The energy level of the selenium K-shell (Is) 
orbital corresponds to an X-ray wavelength (0.98 A) that is 
readily accessible with synchrotron radiation. This also 
has advantages of limited radiation damage and sample 
absorption. The relative abundance of methionine residues 
in proteins is such that adequate diffraction signals can be 
expected in typical cases (Table III). Of course, an atom can 
only contribute coherently to the diffraction if it is well 
ordered, and thus atomic mobility is a concern. Seleno- 
methionine is a good label in this regard. A survey of 
crystallographic B values (atomic mobility parameters) 
reported for 189 protein structures in the Protein Data Bank 
(Bernstein et ai , 1977) shows that on average the atomic 
mobility at the S7 position of a methionine is just 4% above 
the average for all side-chain atoms in the molecule. For 
comparison, mobilities at the C-y positions in leucine average 
16% less, and those at Cy in glutamine, arginine and lysine 
average 33%, 16% and 42% higher, respectively (J.R Hor- 
ton, unpublished results). A complication can arise in the 
diffraction analysis of large proteins where the number of 
seletuurn sites may be so large that this substructure presents 
a difficult problem. However, a simulation based on the 
structure of citrate synthase (Wiegand et aL, 1984), which 
with 30 had the most methionines per asymmetric unit among 
proteins m a particular release from the Protein Data Bank 
shows that this selenium substructure could readily be solv- 
ed by dinsa E methods with the program MULTAN (Germain 

n d u } CVen When 20% random e rror was applied 
(J.R.Horton, unpublished results). 

Possible compScathns in sehnomethhnyi protein 
expression 

While mer strains of Ecoli can clearly be grown on 
selenomethionine, it is also evident that care must be takeS 

*£^ mcm ^ nnajor complication 
arises from the difficulty in banging cells out of steuonary 
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phase in the presence of selenomethionine, whereas 
methionine brought forward with the inoculum for log phase 
growth may be preferentially incorporated. Thus, when we 
produced thioredoxins with excess methionine present in the 
starter culture, only 90% selenomethionine incorporation was 
obtained. Similar complications also limited the production 
of selenomethionyl IL-la to an 86% level (Graves et at. , 
1990). On the other hand, we have produced recombinant 
E.coii ribonuclease H with 100% selenomethionine 
incorporation by using a defined selenomethionyl starter 
medium supplemented by 5% Luria-Bertani medium 
(W.Yang, unpublished results) while in other experiments 
incorporation was limited to -90%. 

The vitality of the DL41 strain, which derives directly in 
three steps from the ancestral K12 stock, is an advantage 
for selenomethionine replacement. Other autotrophs tested 
did not tolerate selenomethionine as well. However, the 
lambda P L expression system is probably a disadvantage. 
The potential temperature sensitivity of selenomethionyl 
proteins can complicate induction of the recombinant plasmid 
by temperature jump. 

Another potential complication is that, as with 
selenomethionine itself (Shepherd and Huber, 1969), the 
solubilities of selenomethionyl proteins are somewhat 
reduced in comparison with their sulfurous counterparts. 
Although this has not yet prevented us from obtaining 
crystals of the selenomethionyl products under conditions 
similar to those used for the natural proteins, this might not 
always be the case. A more serious complication might arise 
from susceptibility of selenomethionine to oxidation. We 
have noted a loss of birefringence and diffraction (despite 
retention of clean morphology) from crystals of E.coU 
thioredoxin kept for two months in a stabilizing medium, 
rne cause of this change has not been investigated but storage 
in an oxygen -free environment is obviously indicated. 

Finally, although procedures for the production of 
seieiiornethionyl proteins in E.coii are now well developed, 
little has been done in eukaryotic cells. As discussed above, 
mammals are naturally auxotrophic for methionine. 
However, the greater complexity of rnammalian cells tends 
to make them more sensitive to selenomethionine. Never- 
meiess, we have achieved 87% incorporation of 
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selenomethionine into a recombinant soluble CD4 (Deen 
eta!.. 1988} produced in CHO cells (P.D.Kwong, 
unpublished results). Since yeasts contain pathways for 
production of methionine from cysteine as well as the reverse 
pathways as found in mammals, appropriate mutants will 
probably be required for the expression of selenomethionyl 
proteins in yeasi cells. 

Selenocysteine as a prospect for MAD phasing 

Those few proteins that naturally contain selenocysteine are 
obvious candidates for analysis by MAD phasing. For 
example, in light of results in Table III, there is little doubt 
that the structure of glutathionine peroxidase with one 
selenocysteine in each 182 residue chain (Epp et al , 1983) 
could have been solved in this way. Unfortunately, the failure 
of E colt grown on selenate to incorporate selenocysteine 
into 0-galaciosidase (Huber and Criddle, 1967) makes a 
general replacement scheme such as used for seleno- 
methionine seem unlikely. On the other hand, the recent 
discovery of utilization of the UGA termination codon in 
the biosynthesis of selenocysteinyl proteins (Chambers et aL 
1986; Zinoni eta!., 1986) suggests a general approach 
through the engineering of selenocysteinyl mutants. This, 
however, is complicated by the apparent involvement of the 
nucleotide context of the UGA codon in the signal I ot 
selenocysteine incorporation. An alternative possibility 
suggested by Jeffrey Miller (personal communication) wotaa 
be to construct and use an amber suppressor gene (Normaniy 
et a!. . 1986) starting from the E.coli seiC gene which codes 
for the special tRNA species leading to selenocysteine 
insertion (Lcinfelder et a!., 1988). Both plans suffer from 
possible adverse effects of the susceptibUity of selenocysteine 
to oxidation. Eppetal. (1983) found that the selenocysteine 
of glutathione peroxidase is oxidized to selemnic acid, n 
might be possible, however, to capitalize on this proclivity 
toward oxidation to form especially stable diselemde seleno- 
sulfide analogs of disulfide bridges. 



Materials and methods 

Methionine auxotroph transduction , , F . j n ]Q 

The DUI strain was constructed by phage PI '^^^ l98 l) 
from strain TST1 {CGSC strain no. 6137) into MG1655 (Ouycr « 
followed by transduction of metA from AB1932 ( Howarf -^ a r ^l^ ni ne 
l%6) by selection for maltose utilization and screening tor mc 
auxotrophy. 

Thioredoxin overproduction and purification MOI|!Ssion piasmid 
A starter culture of the DUI strain containing the pDL^ «F & defincd 
(LeMaster and Richards, 1988) was grown overnight at JJ was ^ 
medium that contains 40-50 mg/1 methionine. This but con- 

diluted 1/200 (v/v) into prewarmed medium devoid ^ ^ a 

taming 40 - 50 mg/1 d.i. sefcnomethionine (Sigma), irub tecritica j 
0.5% residue of sulfurous methionine in the g^^^*^ grown at 
to minimize this methionine content. Cells in this was 
?3-C to OD m) of 1 .0 . at which point ««c^ from ^ 
'"duced by abrupt shift of temperature to 43°C. Expression 
»° continue for 2.5 h. j . Mniesse d in these 

Purification of the E.coli and T4 ihioredoxins .^f^^ and 
fermentations was carried out as previously ^ nt !r J pelleted and 
Richards. 1988). In brief, the debris from sonicated ecus wme 
^ supernatant was treated by streptomycin sulfate ana arm ^ pcnAedt 
fractionation . The thioredoxin-containing fraction was uto« ^ 
brtxr fractionated on a sizing column, and then separaiedona ^feed 
•mo the two constituent thioredouns. Finally, the samples were ^ 
after dialysis against 25 mM NH4HCO3. 



Amino acid analysis 

Analyses for amino acid composition were performed on a Beckman 6300A 
analyzer after hydrolysis in vacuo with 6 N HCI at 1 10*C for 24h. 

Crystallization . 
Crystallizations were carried out with the hanging-drop vapor diffusion 
technique in 24-well Linbro cell culture plates. All chemicals were obtained 
from Sigma Chemical Co., St Louis, MO unless otherwise noted. 

T4 thioredoxin 

Lyophilized natural and selenomethionyl T4 thioredoxins were dissolved 
in buffer containing 40 mM bis-tris propane, pH 6.8, to a concentration 
of - 13 mg/ml. Droplets (3 /tl) of this saturated solution were placed on 
siliconized glass coverslips which were then inverted over wells containing 
a 0.5 ml solution of 12-28% ethanol, the bis-tris propane buffer and 2 mM 
cadmium acetate (Aldrich) and sealed with silicone vacuum grease. The 
plates were stored at 4°C for 5 -7 days at which time ! /d of the well solution 
was added to the drops. Clusters of small crystals appeared to grow from 
amorphous material in some of the 16- 18% ethanol setups ~ 5 days later. 

E.coli thioredoxin 

Starting droplets for crystallization of the E.coli proteins were constituted 
from 5 ,d ofprotem solution ( ~ 10 mg/ml), 5 *1 of a pH 4.2 buffer including 
to mM sodium acetate and 2 mM cupric acetate, and I /xl of 40% 
$<w£2> ^ 3350 (PEG ^M^J 

formed on siliconized coverslips were inverted and seated over I ml 
n^oirs containing 12-24% PEG 3350, 5 mM acetate buffer (pH 4*. 
^TmM cuprk **ae. These experiments were earned out m an mcuba«* 
held at 20<"C. Crystals of selenornelhkinyl E.coli thioredoxin first appeared 
after 4-5 days whereas those of the native protein appeared "> 10- 14 day . 
ThT test cry*ds grew over wells of 16-20% PEG wtthout appreoable 
tatirKuon between the two proteins. However, crystals only grew in some 
^pfwLTs^ested to is that nucleation was a rate Ummng ; proc«^ 
^^ofusablfcrystals was improved by microseedrng. Grams of washed 
aSdrW sand (Baxter. Edison, HI) that were added to some droplets also 

foKXr^. spectroscopy (Figure 4, and syncWon dau coUe^on 
«lw„ f™ rnaerial produced as desenbed above ^m prrtein 
Ztttarf 1 1 mg/ml over wells of 16% PEG. The crystals arrf ifftaction 
^TlhownT Figure 3 were obtained from protem produced m 
T T^^LZJiZ^ These crystaUiiations were carried out over 20% 

Pto wens 5wiu»6 n^nectivelv The selenomethionyl thioredoxin 

^^ceTof methionine in the starter culture. 

Crystal c ^ a [ 8C ^f^ 1 ^L v ^ monitored by cxarnination with a Zeiss 
C(ysal growmard in thin-walled glass capillaries 
siereomicroscope. 7™*" properties were determined by 
to diffraction «*£ *££*J£L Unit cel. dimensions w*re 
photography on a Huber ^ „„ , afc-5 

££22 of aTga.ru RU-200 generator. 

X« * S Z!'TJ^™ < ^'* by scintillation-counter detected 
X-ray absorption spectra were rr^^ , (Priiza ckerle> et at., 1986) 

at the Sunfo ^ 2 V ^Xes for rtduflion of the normalized fluorescence 

sr?S5S2?S«- — — ^ in Hendrickson 

etal. (1988). 
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